This work presents CMOS micromachined dielectric cantilevers with integrated sharp tips for surface temperature measurement. The integrated cantilever can perform electrothermal actuation and piezoresistive sensing for maintaining a proper tip-sample contact. For a cantilever 280 µm long, the measured thermoelectric power from the aluminum/polysilicon thermocouple is 22.6 ± 0.36 µV
, the measured time constant is 796 µs, and the drift due to thermal actuation is 0.15 ± 0.057
. The measured displacement by thermal actuation is 2.2 µm at 17.8 mW and the measured thermal time constant is 79.6 µs. The measured piezoresistive sensitivity and pre-amp noise are 0.48 mV µm −1 and 0.7 µV Hz −1/2 , respectively, producing an equivalent input-referred noise displacement of 1.45 nm Hz −1/2 .
(Some figures in this article are in colour only in the electronic version)
Introduction
Scanning probe microscopy (SPM) has become a powerful platform for the study of surface properties with spatial resolution in the nanometer regime. Scanning thermal microscopy (SThM) is the mechanism that explores the thermal conductivity or temperature of the sample surface. The SThM scanning cantilever is usually operated under the environment of a commercial atomic force microscope (AFM) whose force feedback maintains a constant tip-sample contact force during raster scanning [1] . Most of the developed micromachined tip cantilevers are passive probes that contain a temperature sensor in the tip. Prior work has reported dielectric cantilevers [2] [3] [4] [5] with thermocouple junctions and silicon cantilevers [6] with Schottky diodes integrated in the tips. Recently the pyroelectric thin film was integrated in the SThM probes reported by Tanaka [7] . From the standpoint of thermal design for a SThM cantilever, the materials that make up the microstructure are preferred to have a low thermal conductivity such that the structure does not become a heat sink and change the temperature on the sample surface. Active thermal feedback [8] has been proposed to resolve this issue by keeping the tip temperature equal to the sample temperature and thus maintain zero heat flux between them. Lee [9] also presented a temperature-dithering closed-loop system in which a dithered heating was applied across the sensing bolometer to enhance the measured temperature and spatial resolutions.
The scanning throughput can be increased by making an array of active tip cantilevers with integrated sensing and actuating elements such that individual closed-loop feedback can be implemented to maintain a proper tip-sample contact. There are fewer examples of this kind than the passive probes. The boron-dope silicon probes reported by Gianchandani [10] used the polysilicon-gold thermocouple for thermal sensing and comb electrodes for electrostatic actuation. Piezoresistive sensing was integrated in the probes reported by Rangelow [11] . It is desirable to monolithically integrate the active probes with the driving and sensing circuits for system miniaturization. Prior work has reported AFM probes fabricated in a conventional CMOS process [12] and by the silicon-on-insulator (SOI) technology [13] . The CMOS micromachined dielectric probes reported in this work can perform electrothermal actuation and piezoresistive sensing for tip positioning, and the temperature detection through a tipthermocouple interface. The drifts in the sensed signals due to thermal coupling from actuation will be carefully studied. To our belief, this coupling effect can be reduced after proper compensation.
The rest of the paper is organized as follows. The CMOS micromachining process is introduced in section 2. Section 3 discusses the cantilever design. Experimental results are presented in section 4, followed by discussions and conclusions in section 5.
Device fabrication
The TSMC 0.35 µm two-polysilicon four-metal (2P4M) CMOS process is used for device fabrication. The process flow in figure 1 shows the development of a released microstructure in cross section. We first perform a wet etch of a stacked metal (aluminum) and via (tungsten) layers using H 2 SO 4 /H 2 O 2 (2:1) until the silicon substrate is exposed ( figure 1(b) ). The CMOS dielectric layers are used for etch protection in this step. Then the microstructure is released by a sacrificial etch using the XeF 2 gas (figure 1(c)). Next a reactive ion etch using the CHF 3 /O 2 plasma removes the top dielectric layer on the probe pad area to expose the underlying metal layer (metal-3), which connects the polysilicon/aluminum (poly-2/metal-1) thermocouple for thermoelectric sensing ( figure 1(d) ). A shadow mask is used to prevent the other areas from being etched in this step. A dielectric reactive ion etch then removes the remaining passivation on bond pads. An overhanging thin Teflon tape (durable up to 260
• C) is used to cover the device area. Sharp platinum tips are fabricated on the probe pad by electron-beam deposition ( figure 1(e) ). The process is performed in a combined focused ion beam/electron beam system (FEI Nova 200), in which a thin gas feed tube is placed in close proximity to the chip and within the scanning field of the electron. The probe pad has to be electrically grounded to provide a discharging path. The incident electron beam causes fragmentation of the precursor gas which leads to the deposition.
The electron-beam deposition is a serial process that can be performed on small CMOS dies where conventional lithography cannot be applied. When a CMOS wafer is available, cone-shaped tips can be batch fabricated by using the process similar to making Spindt tips [14] . In that case, photoresist can be used as the etch-resistant mask to protect the deposited tips and define the microstructures by using a dielectric reactive ion etch.
Design
The purpose of the proposed fabrication is twofold: (1) to make microstructures that mainly contain the CMOS inter-metal dielectric layers that possess a low thermal conductivity, such that they do not provide extra thermal loading to change the temperature on the sample surface; (2) to make microstructures capable of moving upward to approach the sample surface for temperature measurement. Figure 2 (a) shows the topview schematic of the microstructure design, which consists of six cantilever beams and a probe pad in the front. The two beams located inside have embedded polysilicon heaters (poly-2) for electrothermal actuation. Dielectric and metal layers are also included in the beam as shown by the cross section in figure 2(b). The beams consisting of polysilicon piezoresistors (poly-2) are next to the actuated beams with a relatively large distance of 88 µm for reducing thermal coupling during actuation. Additional trenches are made in the anchor area for the same purpose as well. The two beams on the outside contain the polysilicon (poly-2) and aluminum (metal-1) layers respectively for thermoelectric sensing. As shown in figure 2(b) these two wires are surrounded by dielectric layers and meet near the apex of the probe pad where the platinum tip is to be deposited. The polysilicon heater extended from the anchor is 30 µm long and 2 µm wide. The overlaying metal-1, metal-2 and metal-3 have the same width of 2 µm, with dielectric layers of 1 µm wide on the sides for etch protection. All six beams are 4 µm wide and made of mostly by CMOS dielectric layers with a low thermal conductance. It is conceivable that, when the cantilever is actuated, the temperature elevation near the probe pad should be much lower than that of the metal anchor area that has a larger thermal conductance. The cantilever is desired to produce an upward motion such that the tip can approach the sample surface. This motion can be achieved by the multi-morph effect from the composing metal, dielectric and polysilicon layers. Prior work [15] has produced CMOS micromachined cantilevers capable of moving downward by thermal actuation. The reason is that the beam contains the top aluminum layer as the etchresistant mask, yet aluminum has a larger thermal coefficient of expansion (25 ppm
• C −1 ) than that of silicon dioxide (0.5 ppm
• C −1 ). In our process, the dielectric layer can be placed on top instead, allowing an upward motion to be realized by carefully selecting the composing layers.
The analysis of a thermally actuated bi-morph cantilever can be found in [16] , where the radius of curvature of a deformed cantilever due to a temperature change is described in terms of beam dimensions and material properties, including Young's modulus and coefficient of thermal expansion. As for multi-morph structures, DeVoe [17] presented a similar analysis in matrix formation for piezoelectric cantilevers. Electrothermomechanical finite-element simulation is used [18] to calculate the displacement and temperature distribution of the composite microstructure at a given power. The material properties used in the simulation are listed in table 1. Both heat conduction and convection have to be considered in the 160 2300 simulation such that a reasonable temperature distribution can be produced in the structure. Figure 3 shows the maximum heater temperature with respect to the convection coefficient assigned to all surfaces of the structure at 12.7 mW. The temperature decreases as more convection occurs. We choose a convection coefficient of 4000 W m −2 • C −1 in our simulation, which shows an upward displacement of 1.9 µm for a 280 µm cantilever at 18.3 mW. Later the simulation results will be compared with the measured data at different powers to show that the selected convection coefficient is reasonable.
The time constant of the cantilever by electrothermal actuation can be estimated by a lumped-parameter analysis using the relation τ = L 2 /α eff [19] , where L is the heater length and α eff is the effective thermal diffusivity of the composite beam. The latter can be found by the relation
where h is the thickness, ρ is the mass density, c p is the specific heat and k is the thermal conductivity of a film. The summation is over all the films on the actuated beam. Using thermophysical properties and thicknesses for aluminum, silicon dioxide and polysilicon layers, α eff is estimated to be 3.9 × 10 −5 m 2 s −1
. From the values of L (30 µm) and α eff , the thermal time constant is calculated to be 23 µs.
A wide variety of materials can be used for making thermocouples by the available thin-film technologies. In theory, the Seebeck coefficient of the doped silicon is given by [20] n-type: p-type:
where k B is Boltzmann's constant, N c and N v are the density of states at the bottom of the conduction band and top of the valence band, q is the carrier charge, n and p are the donor and acceptor concentrations, x is a parameter related to the mean free time between collisions and the charge carrier energy, and φ is a phonon drag term for the carrier. The Seebeck coefficient increases with respect to the resistivity, with values on the order of 1 mV • C −1 are achievable for a moderately doped silicon. We use the polysilicon thin film as one side of the thermocouple, which has a lower Seebeck coefficient than that of the single-crystal silicon. The poly-2 layer of the CMOS process is chosen over the poly-1 layer due to its larger resistivity.
The sensing circuit in figure 4 is used for piezoresistive detection of the cantilever motion. The single-ended signal is taken from the mid-point between the sensing resistor and the reference resistor at the pre-amp input. The selected modulation frequency is intended to be high enough in order to avoid the flicker noise at low frequencies. The pre-amp is a unity-gain buffer implemented by using a two-stage operational amplifier. The op-amp design uses PMOS input transistors for reduction of the flicker noise at low frequencies. By simulation, the op-amp achieves an open-loop gain of 69 dB, a unity-gain frequency of 12.7 MHz and a phase margin of 60
• . Figure 5 shows the scanning electron micrographs of the released cantilever and the deposited platinum tip on the probe pad. The tip as shown is 1.7 µm tall and 130 nm in diameter. fabricated in CMOS [21] . The static tip displacement of the 280 µm cantilever measured by the optical profiler is depicted in figure 6(a) , showing a measured value of 2.2 µm at 17.8 mW. As shown in figure 2(a) , the six beams in the cantilever design are connected to the probe pad and only two beams are heated for thermal actuation. The elongation of these two beams, due to thermal expansion, is different from those of the other four beams. The different axial stresses could lead to the nonlinear phenomenon as shown by the significant increase of displacement at large heating powers. . The resonant frequency of each cantilever in the out-ofplane direction was measured by a laser doppler vibrometer (LDV). Figure 7 shows that the measured value is 35.25 kHz for the 280 µm cantilever. Table 3 result can match within 5% of the measured value for the worst case. The dynamic responses of the thermally actuated cantilevers were also measured by using a LDV. Figure 8 depicts the measured displacements of the 200 µm and 280 µm cantilevers with respect to the driving frequency, showing the −3dB frequencies at 2.4 kHz and 2 kHz, respectively. The equivalent thermomechanical time constants are 66.3 µs and 79.6 µs. These values are larger than the predicted value of 23 µs.
Experiment
For thermoelectric characterization, a heating plate that provides the temperature change was moved in contact with the figure 10(a) . A 500 mW green-light laser was modulated by a mechanical chopper and focused on the tip. The produced thermoelectric voltages for the 200 µm and 280 µm cantilevers were measured by a spectrum analyzer (Agilent 4395A) at the chopping frequency as plotted in figure 10(b) , showing the −3 dB frequencies at 250 Hz and 200 Hz, respectively. The equivalent time constants are 637 µs and 796 µs. The on-chip buffer amplifier for piezoresistive sensing has a measured bandwidth of 5 MHz and an output resistance of 2.43 k . The root spectral density of the input-referred voltage noise in figure 11 was measured by a dynamic signal analyzer (HP3561A). The flicker noise reduces to the thermal noise level of 0.7 µV Hz −1/2 at about 20 kHz. To measure the piezoresistor change with respect to the displacement at the tip, a sharp tip carried by a piezoelectric actuator was used to gradually press down the 280 µm cantilever. The measured sensed voltage with respect to the tip displacement in figure 12 shows an average sensitivity of 0.48 mV µm −1 . The corresponding piezoresistance change is 37 (from 1.609 k to 1.646 k ), averaging 3.7 µm −1 . We thus obtain the input-referred noise displacement at 1.45 nm Hz −1/2 based on the measured circuit noise. The piezoresistance change due to thermal actuation was calibrated by using infrared measurement. Figure 13 shows that the resistance change with respect to the heater temperature elevation averages 1.44
• C −1 .
Discussion and conclusion
This work combines the wet-and dry-etch techniques to fabricate CMOS integrated cantilevers made of mostly by dielectric layers, providing a low thermal conductivity that helps to reduce thermal loading to the sample; in addition, most of the thermal energy produced by actuation would be conducted to the metal anchor area instead of the probe pad. The long cantilever displays a reduced thermal coupling effect in the measured thermoelectric power; however, its corresponding thermal time constant increases and so does its structural curl. The stress-induced curl could be reduced by the foundry; or from prior experience, a more advanced CMOS process that has more metallization layers can be used to make thicker dielectric structures. The polysilicon/aluminum thermocouple is a reasonable choice based on the goal of making dielectric cantilevers. The measured thermoelectric power of this work is comparable to those published in prior work. For mass production, this die-level fabrication method has to be modified into a wafer-level process, in which the sharp tips can be made by the lift-off technique [14] , and the metal wet etch can be replaced by a dielectric reactive etch that uses photoresist as the etch-resistant mask to define the microstructures and protect the tips.
Electrostatic actuation can be used to avoid the signal drifts caused by thermal feedthrough. The sample surface cannot be used as one of the driving electrodes since it is not necessarily conductive. One option is to use the vertical comb drive to produce the displacement in the out-of-plane direction [22] . One possible operation scheme is to drive the cantilevers to resonance and use piezoresistive sensing to detect the resonating amplitude during approaching, similar to the tapping-mode operation in AFM.
